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Abstract 
The fluctuation conductivity above ୡܶ (the paraconductiviy) in films of Bi2Sr2CaCu2O8+d (Bi2212) and YBa2Cu3O7-į (YBCO) 
with ୡܶ  variations is analyzed in terms of theoretical formulae based on the d-wave superconductivity. It is found that 
experimental data are describable by the Aslamazov-Larkin term provided that a total-energy cutoff effect is taken into account 
though there are deviations in the fits for the YBCO case, which can be improved by considering overall contributions to the 
paraconductivity. The dependence of the fluctuation amplitude upon ୡܶ is reconciled with the d-wave theory.    
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1. Introduction 
It is recognized that the superconducting pairing state with the d-wave symmetry is responsible for the 
mechanism of high- ୡܶ superconductors (HTSC), rather than the BCS s-wave pairing state [1]. One of the interesting 
aspects related to the unconventional paring is that a large reduction in Tc is predicted by impurity scattering 
irrespective of the magnetic or nonmagnetic nature [2]. In addition to this evidence, as to the fluctuation conductivity 
above ୡܶ (the paraconductivity: PC) which is readily observable in HTSC, the d-wave nature provides a number of 
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significant effects, among which most important is the absence of the Maki-Thompson (MT) term [3].  Hence, PC 
studies could give the information on the mechanism of superconductivity. However, only a few syudies have been 
reported on the PC analysis in which the d-wave pairing is fully considered [4].  
It is well-known that ୡܶ of HTSC films sensitively depends on the sample quality such as the crystallinity and 
homogeneity. This fact may be relevant to a d-wave pairing character of the superconductivity mechanism, in which  
ୡܶ is suppressed significantly even by nonmagnetic impurities, as described above. Since the analysis of PC provides 
an important insight into the sample characterization, in this paper we characterize ୡܶ variations in HTSC films from 
a viewpoint of the PC analysis in the scheme of a d-wave paring model with short-wavelength fluctuation (SWF) 
effects. 
2. Theoretical and experimental descriptions 
    A theoretical study of PC based on the d-wave pairing symmetry has been reported by one of us (N.M.) [3] for a 
layered system (the Lawrence-Doniach (LD) situation), in which study a total-energy cutoff (EC) as the SWF effect 
is taken into account so as to achieve better descriptions of experimental data. The Aslamazov-Larkin (AL) and MT 
terms in the d-wave case are expressed, as a function of the reduced temperature ߝ ൌ ሺܶ ୡܶΤ ሻ, as 
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where ߙ୉ is the dimensionless cutoff parameter, ݎ ൌ ʹߦୡ଴ ݏΤ  is the anisotropic parameter in the LD theory with ߦୡ଴ 
and s being the c-axis coherence length amplitude at T=0 and the interlayer distance, respectively, and ɗሺ௡ሻሺݖሻ is the 
poly-gamma function. In Eqs. (1) and (2), ߝௗis the renormalized reduced temperature given by 
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where ߁ is the scattering rate proportional to the impurity density ݊୧ and ୡܶ଴ is a ୡܶ value in the absence of any 
impurity. The ୡܶ equation in the d-wave superconductivity is given by ߝௗ ൌ Ͳ in Eq. (3). Theoretical predictions of 
ୡܶ and ܥௗ୅୐ are displayed in Fig. 1(a) as a function of ߁, which are the features characteristic to the d-wave PC. 
In addition to the AL and MT terms, there is the density-of-states (DOS) term providing an important 
contribution to PC at higher temperatures. The DOS term in a d-wave model has also been derived to give [5] 
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which has the same ߝ dependence as for the MT term but with the different amplitude. The corresponding formulae 
to Eqs. (1)-(4) in the momentum cutoff (MC) regime are easily obtained from Refs. [3] and [6] 
Two kinds of superconducting films with different ୡܶ values were prepared: one of them was Bi2Sr2CaCu2O8+d 
(Bi2212) films and the other was YBa2Cu3O7-į (YBCO) films. Fabrication methods and film characterizations of the 
former and latter films were reported in Refs. [7] and [8], respectively, and here we give brief descriptions on these 
films. Films of Bi2212 with 40 nm in thickness were deposited by the metal-organic decomposition method. By 
changing conditions of postdeposition annealing, we obtained films with Tc ranging 85-50 K. Films of YBCO with 
110 nm in thickness were prepared by the metal-organic chemical vapor deposition. Values of Tc were controlled by 
aging processes made in the ambient atmosphere for several days and weeks, resulting in Tc variations of 90-80 K. 
Values of the c-axis parameter estimated by X-ray diffraction measurements increased in the films with the longer 
aging time. 
Temperature dependence of the resistivity ߩሺܶሻ  in Bi2212 films and YBCO films with ୡܶ  variations are 
displayed in Figs. 1 (b) and (c), respectively. The solid lines represent the normal-state resistivity obtained by the 
least squared fits of the linear relation ߩ୬ሺܶሻ ൌ ܽܶ ൅ ܾ with appropriate values of a and b fitted to ߩሺܶሻ data at 
temperatures between ௖ܶ ൅ ͷͲ and room temperature. The linear relation can describe the ߩሺܶሻ data in all of our 
films except the film Bi2212-C, showing the upturn behavior as displayed in Fig. 1 (b). In this case we adopted a 
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relation ߩ୬ሺܶሻ ൌ ܽܶ ൅ ܾ െ ܿሺܶሻ with constants a, b and c, which has been applied to explain ߩሺܶሻ properties in 
HTSC materials doped with nonmagnetic impurities [4].   
 
 
 
 
 
 
 
 
Fig. 1. (a) Numerical results for normalized ୡܶ ୡܶ଴Τ  and ୢ୅୐ ୢ଴୅୐Τ  vs. Ȟ Ȟ଴Τ  relations, where the subscript 0 denotes each value in the absence of 
impurities. (b) Results for  ߩሺሻ in Bi2212 films together with ߩ୬ሺܶሻ lines. Values of ߩ଴: 0.70, 0.76, 1.1 ȳ for films A, B and C, respectively. 
(c) The same as in Fig. 1(b) but with YBCO films. 
3. Analysis and discussion 
Experimental data of PC: ɐᇱሺܶሻ normalized by the conductivity ߪ଴ at room temperature are evaluated from the 
relation: ɐᇱሺܶሻ ߪ଴Τ ൌ ሾߩିଵሺܶሻ െ ߩ୬ିଵሺܶሻሿ ή ߩ଴ with the room temperature resistivity ߩ଴ ൌ ͳ ɐ଴Τ . The data of ɐᇱሺܶሻ 
thus obtained are transformed to be ߪᇱሺߝሻ data for the purpose of theoretical fits. In analyzing ɐᇱሺߝሻ data in terms of 
the d-wave theory, we have four free parameters to be determined: the amplitude ܥ୊
ୣ୶୮,  r, ߙ୉ and ߁, among which 
the parameters other than ߁ are determined using the procedures similar to those reported previously [8]. In order to 
determine the value of ߁, here we use the ୡܶ equation ߝௗ ൌ Ͳ. Results for the d-wave analyses are displayed in Fig. 2, 
where Figs. 2(a) and (b) show ߪᇱሺߝሻ data for Bi2212 films together with theoretical fits. In Fig. 2(a), the three kinds 
of fits to experiments are indicated for the film Bi2212-B. 1) The solid and broken straight lines represent fits with 
the two and three dimensional AL terms (denoted, respectively, as 2D-AL and 3D-AL) without any SWF effect, 
which allows us to estimate the value of r [8]. 2) The red broken curve represents a fit with the d-wave ߪᇱሺߝሻ 
formula with the MC effect (denoted as dAL-MC), showing the deviations from the experimental data in the higher 
ߝ  region. 3) The red solid curve shows the AL term with the EC effect (Eq. (1): dAL-EC), providing good 
descriptions over the whole temperature region investigated.  
 
 
 
 
 
 
 
 
Fig. 2. Results for the d-wave analyses in Bi2212 films. (a) Bi-logarithmic plots of ߪᇱሺߝሻ ߪ଴Τ  vs. ߝ for the film B together with theoretical fits 
indicated. (b) Results for films A and C shown in similar ways as for (a). (c) Relations Ƚ୉ and r against Ȟ obtained from the analyses. The broken 
lines are drawn only for guide to the eye (the least-squared fits). (d) Relations of ୡܶ and ܥௗ
ୣ୶୮ against Ȟ together with the theoretical lines.  
 
 
 
 
 
 
 
 
 
Fig. 3. Results for the d-wave analyses for YBCO films shown in similar manners as for Fig. 2. 
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In Fig. 2(b), we display fits to experiments on Bi2212 films-A and C in terms of the formulae dAL-MC and 
dAL-EC. We have previously reported [6] that, in the analysis based on the s-wave model with the MC effect, both 
the MT and DOS terms are necessary to better describe ߪᇱሺߝሻ data. On the contrary, we find here that the analysis 
with only the AL formula in the EC regime can provide good fits to experiments, irrespective of either s-wave or d-
wave model. Parameter values obtained in the fits are plotted in Fig. 2(c) as a function of ߁. As can be seen in this 
figure, with increasing ߁ (decreasing ୡܶ), values of ݎ ן ߦୡ଴ increase while those of Ƚ୉ ן ߦୟୠ଴  decrease [8], indicating 
that the films become less anisotropic in the order of the films A, B and C. This feature can be explained in terms of 
the degree in film quality that the scattering due to the crystal imperfection becomes stronger in this order. Fig. 2(d) 
displays ୡܶ vs. ߁ and ܥௗ
ୣ୶୮ vs. ߁ relations obtained from the fits. The theoretical line along with the plots in the 
former relation is used to estimate a ߁  value in each film as previously stated. The latter relation shows a 
comparison of the fluctuation amplitude between theory (ܥௗ୅୐) and experiment (ܥௗ
ୣ୶୮), showing a large discrepancy 
but at least a qualitative agreement. 
Results for the d-wave analyses in YBCO films are displayed in Fig. 3 in similar ways as in Fig. 2. Theoretical 
fits in this case are slightly different compared to those in the Bi2212 films: The data in the higher ߝ region cannot 
fully be described by only the AL term even with EC, and the deviations become larger for the films with the lower 
ୡܶ values. We have found that the disagreement is improved by taking account of the MT and DOS terms in addition 
to the AL term, as shown in Figs. 3(a) and (b) by the blue broken curves (labeled as dAMD-EC). As can be seen in 
Fig. 3(c), with increasing ߁, values of ݎ ן ߦୡ଴ decrease while those of Ƚ୉ ן ߦୟୠ଴  increase, now indicating that the 
films become more anisotropic in the order of the films A, B and C. This feature is consistent with the increases in 
the c-axis parameter probably attributed to the development of the under-doped nature in the films [8]. Fig. 2(d) 
displays ୡܶ vs. ߁ and ܥௗ
ୣ୶୮ vs. ߁ relations used in the fits. In this case, agreement between theory and experiment is 
satisfactory.  
4. Concluding remarks 
In the context of the d-wave theory, the ߪᇱሺߝሻ analysis has been carried out for Bi2212 and YBCO films with 
different ܶ values.  We have found that ߪᇱሺߝሻ data on Bi2212 films can be well described by only the AL term in 
the EC regime in contrast to the case of the MC regime in which overall (AMD) contributions to ߪᇱሺߝሻ must be 
necessary. On the other hand, the AMD formulae are required to better describe ߪᇱሺߝሻ data on YBCO films. Similar 
evidences seem to be observed in our previous reports on the s-wave analyses [8,9]. From values of the fluctuation 
parameters obtained in the present analyses, the anisotropy in films can be characterized. Variations in ୡܶ and ܥௗ
ୣ୶୮ 
can be compromised with the d-wave theory. It has been recognized that, as far as ߪᇱሺߝሻ data are concerned, 
experimental results can be explained by not the d-wave theory but the s-wave one due to the presence of the MT 
term. The present study suggests that the d-wave analysis is also applicable to describe ߪᇱሺߝሻ experiments on HTSC 
by using the formulae in which the d-wave character is more strictly considered. 
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